The metabolism of carbohydrates in the oral environment is discussed. Manometric methods are very suitable for the study of carbohydrate breakdown in the mouth, only small amounts of material being required. Results of the overall metabolic products can be obtained as also a knowledge of particular enzymic processes.
The study of the breakdown of carbohydrates in the oral environment is concerned in the main with problems of chemical microbiology and enzymology. The ultimate object is to explain in biochemical terms the complex life of the many micro-organisms living in mixed association in the mouth. It is the way in which the whole flora behaves which is important from the dental point of view, and results obtained by various methods of attack must be related finally to the natural oral environment.
The several methods of approach to research in chemical microbiology were lucidly stated by the late Marjory Stephenson, and Woods (1953) has admirably summarized her views. In these methods as they relate to the study of mixed human saliva the term "saliva" includes its contained cellular material unless otherwise stated. There are some five levels at which investigations can be carried out. First, we can study the whole saliva and dental plaque material; these are mixed cultures in their natural environment. Secondly, pure cultures of oral micro-organisms can be studied in complex undefined media. Thirdly, mixed cultures or pure cultures can be studied in chemically defined media. Fourthly, we can investigate washed suspensions of organisms in the presence of defined substrates. Finally, we may study cell preparations with defined substrates to gain knowledge of the enzyme systems involved. All these methods are equally valuable, the emphasis may move from one to the other, but eventually all the knowledge gained must be related to the natural environment. It is desirable, therefore, that the problem of carbohydrate metabolism in the mouth should be studied at as many levels as possible.
It is the intention of this short review to consider briefly an. approach to the study of whole saliva. AUGUST 
Proceedins of the Royal Society of Medicine
General metabolic picture in saliva.-From the dental point of view the aspect of oral biochemistry which has received most attention is the ability of the saliva and the dental plaque to convert certain carbohydrates into acids in sufficient quantity to cause dissolution of.the tooth minerals. Whether this dissolution actually occurs or not depends, of course, on many other factors such as the removal of the acid formed and the resistance of the teeth to demineralization.
Various reports have been made concerning the production of acid and caries activity. Fosdick et al. (1937) devised a test for caries susceptibility by incubating saliva with glucose and calcium phosphate at 370 C. and measuring the amount of calcium dissolved by the acid formed. Snyder (1940) used an acid/base indicator to determine the acid produced when saliva was incubated with glucose. Stephan (1944) considered that after a glucose rinse there was a greater drop in pH on the tooth surfaces of subjects with active caries than on those who were caries-free; but there was a considerable drop in pH even in the latter. In none of these tests is there complete parallel between acid production and caries activity in every case.
Many in vitro methods of studying acid production require incubation of saliva/carbohydrate mixtures for a considerable time, in some cases for days. It is obviously desirable to be able to study carbohydrate breakdown over short periods, especially in the first minutes after carbohydrate comes in contact with the saliva. For this purpose manometric -methods are eminently suitable, only small amounts (0-5-1 ml.) of saliva are needed, the "basal" or "endogenous" metabolism of the resting fasting saliva can be studied and the effect of the addition of a variety of carbohydrate substrates can readily be determined. Two lines of attack are possible: the study of oxygen consumption and of acid production. Various workers have used this approach (Hartles and McDonald, 1950; Neuwirth and Summerson, 1951; Calandra and Adams, 1951; Pearlman, 1951; Burnett, 1952; Hartles and McLean, 1952; Hyden and Hein, 1953; Hartles and Wasdell, 1954a and b) .
Oxygen consumption of saliva.-Using manometric methods, Hartles and McDonald (1950) showed that resting whole saliva consumes oxygen. When glucose was added the oxygen consumption was approximately doubled. Burnett (1952) reported that respiration in salivas with a high endogenous oxygen consumption increased less on the addition of glucose than those with a low consumption. When the lactic acid production in saliva was measured under these aerobic conditions it was found that no detectable lactic acid was produced in the absence of added glucose, but appreciable quantities were produced by all subjects when glucose was added. Neuwirth and Summerson (1951) reported similar results and confirmed that there was no apparent relationship either direct or inverse between oxygen consumption and lactic acid production. These latter workers showed that the addition of lactic acid to saliva caused an increased oxygen consumption, in other words, saliva could oxidize'lactic acid.
Effect of anaerobic conditions.-In an atmosphere of N2 containing 5% CO8 the resting saliva again produced no detectable lactic acid until glucose was added, when twice as much lactic acid was formed as in the presence of oxygen (Hartles and McDonald, 1950) . Neuwirth and Summerson (1951) confirmed the observation of the above workers that lactic acid was only a portion ('to of the total acid produced.
Filtered saliva.-Several workers have reported that saliva which has been passed through a Seitz filter, or has been subjected to centrifugation, neither consumes oxygen nor produces acid. It can, therefore, be concluded that the presence of cellular material is necessary for both oxidative and fermentation processes (Sreebny et al., 1950; Hartles and McDonald, 1950; Tullar, 1953) .
These results give an overall general picture of the salivary metabolism. We know that both aerobic and anaerobic processes can take place in the appropriate circumstances. It is attractive to consider the possibility of an inverse relationship between oxygen consumption and acid production. Generally speaking, anaerobic reactions produce more acidic products than do aerobic processes. Burnett (19, 52) claimed that in several subjects high salivary respiration was associated with freedom from caries, but this report has not yet been confirmed by other workers. The addition of cyanide to saliva (to. prevent the utilization of oxygen) causes a great increase in lactic acid production in the 'prmsence of glucose (McDonald, 1951) . It is not unreasonable to postulate that anaerobic conditiopis may exist jn certain areas in the mouth, for example under a dental plaque or at the base of a deqjp sure. $uch conditions would favour the production of acid. Calandra and Adams (1951)-confirme4 the observation of Neuwirth and Summerson (1951) that saliva readily oxidized lactic-acid in the presencef oxygen. They also showed that other products of carbohydrate breakdpwnsuch as pyruvate, acetate and propionate were less readily oxidized.
It appearsto be established that all salivas produce acid to a greater or lesser degree and the almost.iinescapable conclusion is that acid production per se is not the only factor in dental caries. In fact, one. subject who was clinically and radiographically caries-free produced aerobically far more lactic acid than any of a group of caries-active subjects. One very interesting observation on this caries-free subject was that in anaerobic conditions his lactic acid prpduction was less than in the presence of oxygen (Hartles and&McDonald, 1950). This was unusual and it may be that in 26 certain circumstances lactic acid is formed by an aerobic process, suggesting a departure from the Embden-Meyerhof scheme of glycolysis.
One of the reasons for so many conflicting reports concerning salivary metabolism is that we lack fundamental data concerning the mode of carbohydrate breakdown in the mouth. Until we have some information concerning the enzymic composition of the whole saliva little interpretation of results will be possible. This is obviously a task which will take many workers a great deal of time. In a very small way workers in the author's laboratory have begun to investigate saliva from this point of view. It seemed logical to begin at the beginning and investigate the ability of saliva to split and metabolize a variety of oligosaccharides.
The carbohydrases of the whole saliva.-The only carbohydrase which has unequivocally been shown to be a component of the glandular secretions is x-amylase. This enzyme, which has been isolated and crystallized by Meyer et al. (1948) , hydrolyses starch to maltose and maltotriose; no glucose is formed by the action of salivary oc-amylase on starch (Roberts and Whelan, 1951) . Hartles and Wasdell (1954a) studied the utilization of four different sugars by saliva and found that, in 10 subjects studied over a long period, fructose was oxidized less readily than glucose, maltose or sucrose. The disaccharides maltose and sucrose were metabolized as readily as glucose. There must therefore be enzymes present which can split these disaccharides to their component monosaccharides so that they may be further oxidized. It is of interest to know whether these enzymes are produced by the oral flora or by the salivary glands.
Hartles et al. (1954) have studied an oral strain of lactobacillus which, in washed suspension, did not metabolize maltose or sucrose. When a sample of commercial invertase was added to the suspension, glycolysis occurred readily in the presence of sucrose. This fortunate occurrence enabled them to use the organism as a tool in investigating the location of invertase (sucrase) and maltase activity in the saliva. If the addition of any salivary fraction to their lactobacillus resulted in glycolysis in the presence of maltose or sucrose, then that fraction must have contained an enzyme capable of splitting maltose or sucrose. They have used centrifugation and filtration to obtain various saliva fractions as well as collecting parotid gland secretions. By these methods it was shown that such enzymes were confined to the inside of the cells, they were present neither in the secretion of the paratid gland nor extracellularly in the whole saliva. This means that before being split into fractions, which can be metabolized to acid, maltose and sucrose must enter the cells of the micro-organisms. This point is worthy of emphasis.
The Nature of the Enzymes Concerned in the Splitting ofSucrose and Maltose Sucrose-glucose-P, D-fructofuranoside There are two well-known enzymes which can hydrolyse sucrose. Kuhn (1923) was perhaps the first to realize this fact. One is termed a-D-glucosidase (glucosaccharase or glucoinvertase) which attacks a saccharide having a free terminal glucose molecule; the other, a P-fructofuranosidase, attacks a saccharide having a free terminal fructose molecule. The molecule of sucrose exhibits both these requirements and can therefore be split by both enzymes. Which one, then, is present in saliva? Or are both enzymes present?
Recently attempts have been made to solve this problem by using trisaccharides of known composition which are substrates for specific enzymes (Hartles and Wasdell, 1954b) .
Raffinose, galactosyl-glucosyl-fructose has a terminal fructose but no terminal glucose. It is, therefore, a substrate for p-fructofuranosidase but not for o-glucosidase.
Raffinose
Raffinose was metabolized by whole saliva. There are two possible mechanisms: first, the linkage between glucose and fructose may be hydrolysed, thereby releasing fructose which can then be further attacked; secondly, the linkage between galactose and glucose may be split, releasing galactose and sucrose. This second mechanism, however, can be discounted, for it was shown that melibiose was not metabolized by saliva. Therefore there is strong presumptive evidence for the conclusion that sucrose and raffinose are hydrolysed by a P-fructofuranosidase.
There still remains the possibility that cx-glucosidase (glucosaccharase, glucoinvertase) also contributes to the hydrolysis of sucrose. Weidenhagen (1930) has put forward the theory that all x-glucosidic linkages are split by the same kind of enzyme x-D-glucosidase. He bases his view on his observations that purified yeast maltase hydrolyses maltose, sucrose and melezitose (which are all a-glucosides).-Maltase preparations obtained from other sources, however, do not split sucrose (Tauber and Kleiner, 1933 -Hofmann, 1934 . The specificity of maltose is well reviewed by Gottschalk (1950) . Most of the work appears to have been done on the yeast enzyme and on a maltase obtained from Aspergillus oryzac (takamaltase). It is considered that the latter enzyme is a little more specific, but Gottschalk (1950) believes the differences to be very small. Experiments with melezitose and turanose.-The trisaccharide melezitose is not metabolized by saliva, whereas the disaccharide turanose is. The relationship between the two sugars is as follows:
The enzyme glucosaccharase (glucoinvertase) converts melezitose into glucose and turanose (Hudson, 1946; Isbell, 1941) . If this enzyme is present in saliva the trisaccharide should be metabolized since the products are known to be readily attacked by saliva. This does not happen, and we consider that although the evidence is negative it strongly suggests that glucoinvertase is absent from saliva, and that the only sucrose hydrolysing enzyme present is a P-fructofuranosidase.
It is interesting to note that turanose is readily metabolized by saliva. Since melezitose is not split this supports the view of Bridel et al. (1927) that there is a specific turanase which they found in bottom yeast distinct from the oc-glucosidase which attacks melezitose.
From the above work it can be concluded that the maltase present in saliva will not hydrolyse melezitose.
There is a further possible pathway for sucrose breakdown. Doudoroff et al. (1943) have demonstrated that Pseudomonas saccharophila contains an enzyme sucrose phosphorylase. This converts sucrose into glucose-l-phosphate and fructose. If a specific inhibitor for hexokinase could be found, it might be possible to decide whether this system operated in ssaliva. So far, work in-'the author's laboratory, using amidone as a hexokinase inhibitor, has produced no clear-cut evidence, but the point is worthy of further investigation.
Other carbohydrases in saliva.-Chauncey and Lisanti (1953) have reported that whole saliva contains amongst other enzymes p-glucuronidase, 3-iD-galactosidase, hyaluronidase and sulphatase. Knox (1953) has shown that several -oral incro-orgamusms have a mucolytic activity (split mucin).
Little is known of the function of these enzymes, but one cannot overlook the possibility of hyaluronidase and mucinases being concerned with the existence of the dental plaque.
The rapidity of acid production in the mouth.-Evidence has been obtained to show that the process of acid production, following the introduction of fermentable carbohydrate into the mouth, is very rapid indeed. Stephan (1944) showed after a glucose rinse the pH of the dental plaque fell to a minimum in 3-10 minutes. Neuwirth and Klosterman (1940) allowed a glucose pellet to dissolve slowly in the mouth and determined the lactic acid produced. They found that the lactic acid concentration in the saliva reached a maximum in 10-15 minutes. After a glucose rinse the maximum lactate concentration in the saliva was reached in many cases within 5-10 minutes (Hartles and McLean, 1953) . The latter workers also drew attention to the rate of removal of the formed lactate; salivary values returned to normal within 30 minutes of rinsing with 10% glucose solution.
The Use ofEnzyme Inhibitors to Reduce Acid Production in the Mouth In 1936 Fosdick and Hansen suggested that the mechanism whereby acids are formed in the mouth from carbohydrates was the same as that occurring in the anaerobic breakdown of carbohydrate in muscle tissue. It has indeed been shown that many micro-organisms utilize carbohydrate anaerobically in much the same way as does the mammalian muscle.
In order to form acid in the mouth it is necessary to have a fermentable carbohydrate and the requisite enzyme system. Theoretically, therefore, it should be possible to inhibit one or more of the enzymes concerned in the acid production and so reduce the amount formed. There are, of course, many difficulties in achieving this object. The inhibitor must be non-toxic when absorbed into the blood stream. It must remain in susceptible areas of the mouth for a considerable time. It must not be unpleasant to use, and must not be destroyed by admixture with other things found in the mouth. Fig. 1 shows the breakdown of glucose as it occurs according to the Embden-Meyerhof scheme of glycolysis. C02-+ H20 To be effective in reducing acid production from carbohydrate, inhibition must be in the early stages of glycolysis. In muscle the lack of 0°leads to the production of lactic acid. That is, pyruvic acid is reduced to lactic acid to enable CoI2H to be reoxidized to Col so that energy can still be obtained anaerobically.
If oxygen is supplied the pyruvate is converted to CO2 + HsO and the amount of lactic acid produced falls. If saliva is allowed to metabolize glucose in the absence of oxygen much more acid is produced than in its presence (Hartles and McDonald, 1950) . It is important to appreciate this fact when we consider possible inhibitors. For example, sodium cyanide completely stops the respiration (i.e. oxygen consumption) of saliva, but it encourages the production of acid (McDonald, 1951) . This is because cyanide is known to inhibit the cytochrome oxidase system which is necessary for the utilization of oxygen. The system is therefore compelled to fall back on anaerobic processes which lead to the accumulation of acid metabolites. This kind of inhibition (even if it were not contra-indicated for more obvious reasons) is of little value for our purposes. It is necessary to find something which inhibits the sequence before the production of acid.
Fluoride.-Sodium fluoride inhibits the enzyme enolase by forming a complex with the Mg+ + ions which it requires as co-enzyme. This property may contribute to the effect of fluoride in reducing the incidence of dental caries. Recently, however, Wright and Jenkins (1954) have reported that the amounts of fluoride likely to be found in the saliva of subjects living in either "high" or "low" fluoride areas are insufficient to affect the production of acid by the oral flora.
The Effect of Ammonia and Urea on Acid Production in the Mouth It has been claimed that ammonia and urea reduce the amount of acid produced by the oral flora from carbohydrates (Kesel et al., 1946; Stephan, 1943) , and that one factor is that basic ammonium salts such as dibasic ammonium phosphate inhibit the growth of lactobacilli. Jenkins and Wright (1950) , studying this problem, found that there was no difference in the amount of ammonia produced by the salivas of caries-active and caries-free subjects. This result was confirmed by Ludwick and Fosdick (1950) . More recently Wright and Jenkins (1953) have reported a positive correlation between ammonia concentration and acid production in saliva. Kesel et al. (1954) are of the opinion that ammonia and urea are factors in a natural mechanism which resists dental caries activity and can be used to assist it. Nevertheless, the only real objective observation available is that in vivo and in vitro ammonium salts and urea inhibit the growth of lactobacilli. This was confirmed by Pearlman and Hill (1951) , who also showed that 4M urea completely inhibited glycolysis in Lb. acidophilus; this is, however, a tremendously high concentration of urea. The results available do not really justify the use of an ammoniated dentifrice for the control of dental caries. No evidence has been produced to show which stage in carbohydrate metabolism is inhibited by ammonia. It cannot, therefore, at this stage be classed as an "anti-enzyme".
The Effect of Chlorophyll on Acid Production in the Mouth The only way in which an alleged caries-reducing agent can be tested is by an adequately controlled clinical trial. All other methods such as inhibition of acid production, lactobacillus counts, &c., are possible aids to the screening of compounds or to investigating the natural processes occurring in the mouth. No adequate clinical trials have yet been carried out using chlorophyll derivatives. Various workers have reported that certain chlorophyll compounds had a bacteriostatic effect in vitro against oral micro-organisms and that acid production in saliva carbohydrate mixtures was decreased Bibby and Nevin, 1951; McBride, 1952) . Shaw (1950) reported that sodium copper chlorophyllin failed to reduce caries in the albino and cotton rat. Hein and Shafer (1951) , however, claimed that copper chlorophyllin decreased dental caries in the hamster. This is an interesting observation suggesting possible differences in the carious process in the two species.
Use of Sodium N-lauroyl Sarcosinate and Sodium Dehydroacetate as Enzyme Inhibitors in the Mouth An interesting development has recently been reported by Fosdick et al. (1953) . They argued that if an enzyme inhibitor was to prove effective it must remain in the mouth for a considerable period of time. One way of achieving this was to find a compound that (a) inhibited acid production and (b) was adsorbed by or combined with the dental plaque material. After testing 381 compounds sodium N-lauroyl sarcosinate and sodium dehydroacetate seemed promising. They inhibited acid production and the inhibition persisted for some time after application of the inhibitor. Clinical trials have been reported showing that the use of a toothpaste containing sodium N-lauroyl sarcosinate reduces the incidence of dental caries (Fosdick, 1953) . This approach, via an inhibitor which is adsorbed or reacts with the protein of the dental plaque, is a sound one; it is an important contribution to the finding of an inhibitor which persists in the mouth.
Little is yet known of the way in which these compounds inhibit the metabolism of carbohydrate. Fosdick (1954) , when pressed for information, suggested that hexokinase was inhibited, but adequate proof has yet to be provided.
Other inhibitors of acid production in saliva.-The approach to the problem of finding an inhibitor is at the moment necessarily empirical. Many chemical compounds will inhibit acid production, but they have toxic or other undesirable side reactions. It is therefore of little profit at the moment to discuss these compounds.
Penicillin.-No mention has been made of penicillin. It reduces acid production in the mouth considerably (Zander and Bibby, 1947) , but the desirability of using an antibiotic for this purpose is *to be questioned.
Conclusions
(1) Saliva carbohydrate mixtures produce acid.
(2) As yet little is known of the precise biochemical processes in salivary metabolism.
(3) We must gain as much information as possible so that methods of combating acid production may rest on methods other than empirical ones. To understand the role of carbohydrate degradation in dental caries we should know the intimate structure of the teeth, the nature of the attacking forces, and how those forces are mobilized.
"Only a small part of scientific progress has resulted from a planned search for specific objectives. A much more important part has been made possible by the freedom of the scientist to follow his own curiosity in search of truth." Those are the words of Dr. Irving Langmuir, a Nobel prize winner in chemistry. Perhaps if we forgot about dental caries for a while and just became curious about teeth and their environment we might accumulate sufficient knowledge to answer many questions.
-Dr. G. Neil Jenkins: Dr. Hartles has explained how the lactic acid formed by saliva comes from pyruvic acid present in excess of that which can be oxidized. What does he think is the limiting factor to this oxidation in the plaque? Is it oxygen tension, the concentration of co-enzymes required by oxidizing enzymes, or of these enzymes themselves? Has he any suggestions for following up Fosdick's idea of preventing acid accumulation by encouraging this oxidation rather than by inhibiting acid formation?
Dr. Hartles concluded that, because Seitz filtrates of saliva had no action on sucrose-or maltose, the enzymes attacking these sugars are intracellular. It has been stated, and we have confirmed, that some enzymes are adsorbed during Seitz ifitration. Unless it has been found, by independent tests, that an enzyme can pass through a Seitz filter, it would seem premature to conclude that a salivary enzyme absent from Seitz filtrates is intracellular.
With regard to the action of fluoride on carbohydrate metabolism, in saliva, it must be doubted whether it acts exclusively on enolase. If this were its action, then in its presence, glycerophosphoric acid would accumulate in lieu of lactic acid. The observed fact is, however, that, at least with high concentrations, fluoride reduces total acid production by saliva. Does not Dr. Hartles think that this indicates inhibition at some earlier stage of the Embden-Meyerhof scheme? Another point arises about fluoride. Since the concentration of soluble fluoride in the mouth seems to be too low to affect bacteria, can he conceive of any way in which fluorosed enamel, that is, fluoride in a tightly bound and insoluble form, could exert an antibacterial or anti-en-ymatic action?
On the ammonia question, while it is true that high concentrations of ammonium salts exhibit antibacterial action in vitro, Dr. Hartles had, perhaps, not made clear that there seemed to be no evidence of a specific effect of the ammonium ion. We found that sodium salts were only slightly less active than were the corresponding ammonium salts, a fact which might not be apparent unless the actions of wide ranges of concentrations of the two salts were compared. We did not accept the view that the ammonium ion or urea exerted any antibacterial effects at physiological concentrations.
Finally, we have some preliminary results which indicate that starch may be broken down by a phosphorylase, which is an interesting parallel to the results of Dr. Hartles on sucrose. The presence of the anti-amylase known to be in wheat would prevent acid production from wheat flour or bread if the breakdown of starch depended on amylase action. We have found that acid is produced almost as rapidly from flour as it is from pure starch or even glucose, and conclude tentatively that saliva must contain some other enzyme, presumably a phosphorylase, which attacks starch. The presence of the anti-amylase in wheat probably means that salivary amylase is virtually without action on the main source of starch in Westem diets. The possible danger to digestive enzymes of introducing non-specific enzyme inhibitors in dentifrices is probably unimportant as far as salivary amylase is concerned, since this enzyme is already inhibited when wheat products are eaten.
Dr. Hartles in reply: Dr. Jenkins has drawn attention to our lack of knowledge in several important instances. I do not know the limiting factor to oxidation in the plaque but we are trying to find out; it is almost certain to be one of those mentioned by him. We have given thought to the possibility of encouraging aerobic processes but so far with little success. I still think it is a good idea.
Concerning Seitz filtration, we did satisfy ourselves that invertase was not appreciably adsorbed by the filtration process.
The whole question of the inhibitory action of fluoride in the mouth requires further investigation. I agree with Dr. Jenkins that inhibition of enolase alone seems unlikely to account for the effects of fluoride.
